On the experimental advanced superconducting tokamak (EAST), a pair of voltage and current probes (V/I probes) is installed on the ion cyclotron radio frequency transmission lines to measure the antenna input impedance, and supplement the conventional measurement technique based on voltage probe arrays. The coupling coefficients of V/I probes are sensitive to their sizes and installing locations, thus they should be determined properly to match the measurement range of data acquisition card. The V/I probes are tested in a testing platform at low power with various artificial loads. The testing results show that the deviation of coupling resistance is small for loads R L >2.5 Ω, while the resistance deviations appear large for loads R L <1.5 Ω, which implies that the power loss cannot be neglected at high VSWR. As the factors that give rise to the deviation of coupling resistance calculation, the phase measurement error is the more significant factor leads to deleterious results rather than the amplitude measurement error. To exclude the possible ingredients that may lead to phase measurement error, the phase detector can be calibrated in steady L-mode scenario and then use the calibrated data for calculation under H-mode cases in EAST experiments.
Introduction
In the ion cyclotron resonance heating system on experimental advanced superconducting tokamak (EAST), the conventional impedance measurement technique is based on the voltage probes array by reconstructing standing voltage distribution in the transmission line, and then calculate the antenna coupling resistance. For this purpose, seven voltage probes are positioned at an even interval of 0.44 m to obtain the maximum voltage. The probes are positioned at 2 locations-respectively near antenna feedthrough and near liquid stub tuner. The measured maximum voltage shows a relationship among the net power and the coupling resistance as:
, where R L is the coupling resistance of an antenna strap, V max is the maximum voltage on a transmission line, P net is the net power in the transmission line, Z 0 is the characteristic impedance of the transmission line, which is 50 Ω on EAST. For this impedance measurement technique, the measurement error of minimum voltage has a significant impact on the impedance calculation, and the calculation results are dependent on the power measurement error and complexity of long transmission line between probes and directional couplers [2] . In 2015, the voltage and current probes (V/I probes) are installed near antennas and stub tuners to measure the complex voltage and current of the transmission line. The input impedance at probes can be calculated as [3, 4] :
where the Z probe is the input impedance at probes, |U| and |I| are the measured amplitude of voltage and current in the transmission line, j is the measured phase difference between voltage and current. The complex reflection coefficient at the probes can be written as:
When neglecting the power loss, the coupling resistance can be expressed as:
where the Z min is the impedance at the standing wave node, which equals the antenna coupling resistance R . L One gets the input impedance from V/I measurement based on equation (1) or can either extract the coupling resistance based on equations (1)-(3), and then provide data for impedance matching or monitoring the state of antenna coupling.
The limitation of this technique is provided in [5] , which was found that the phase rather than the V/I amplitude measurement error contributes to much more serious resistance calculation deviation, and a complemental calculation algorithm by adding the power data into V/I amplitude for calculation has been applied. This paper is aimed at providing more experimental data to support the analysis of impact of the amplitude and phase measurement. For this purpose, several artificial loads are tested on the testing platform. This paper also supplements the detailed design of V/I probes including the determination of the probes coupling coefficients. In section 2, the EAST ICRF system and the impedance measurement system with the main components are described. In section 3, the procedure and results of experiment on the testing platform are exhibited. The results in low power case with various dummy loads are used for error analysis and reliability assessment. In section 4, the EAST experimental results are given. Section 5 summarizes the conclusion.
V/I probes on EAST ICRF system
The ICRF system on the EAST [5] [6] [7] consists of eight transmission lines, each line includes a transmitter [8] , liquid stub tuners [9] , a decoupler [10, 11] , and the antenna [12, 13] as shown in figure 1 . The main diagnostic system in the transmission line includes a directional coupler, the voltage probes array, and the V/I probes array. The directional coupler is located at outlet of a final amplifier, two pairs of V/I probes are positioned close to the liquid stub tuner to measure the input impedance right at outlet of the stub tuner, thus provide data for impedance matching. The other two pairs are positioned close to the antenna feedthrough to provide data for antenna coupling supervising.
As the coupling coefficients of V/I probes are sensitive to the size and insertion depth in the transmission line, they should be optimized to behave appropriate coupling coefficient suitable for signal acquisition. The coupling coefficient can be determined by the power capacity and loading characteristic. The ICRF power on EAST is limited within the maximum voltage of 40 kV, and the probes response should be less than 20 V to match the data acquisition. So that in this case, the probe coupling coefficient should be smaller than −66 dB. In the normal ICRF operation, the net power (defined as the forward power minus reflected power) is P net ∼200 kW, and the typical loading appears R L ∼4 Ω, the maximum voltage reads:
where the VSWR is the voltage standing wave ratio. Because the probe voltage signal should be in range 5-20 V, so that in this case the probe coupling coefficient should be larger than −70 dB. A comparison of probe response under different operation scenario is given in table 1. Taking into account the −6 dB attenuation of the splitter connected to the probes, the attenuation of probes is intended to be −64 to −60 dB. The probe coupling coefficient can be smaller than −60 dB as the maximum voltage in transmission line is less than 40 kV, while it should be larger than −64 dB to measure signals on regular ICRF operation.
Measurement results from the testing platform
To confirm the feasibility and reliability of the measurement technique based on V/I probes, a pair of V/I probes is installed on the testing platform to measure the artificial loads. The testing platform is composed of a signal generator, an amplifier, a low-pass filter, a transmission line, the V/I probes, and the artificial loads. The low-pass filter is used to suppress the harmonic components of RF waves [2] . The detailed procedure is as follows: The frequency of signal generator is 35 MHz, and the power is 20 W after being amplified. An adjustable resistor and a variable stub tuner are connected to form the artificial loads that can be either inductive or capacitive. Figure 2 shows the components of the testing platform. Thirty artificial loads are tested by steps 2-4. It should be noted that when doing the step 4 which transfer the loading from the terminal to where the V/I probes locate, it is very important to carefully identify the length between probes and terminal. To achieve this goal, the length was scanned, and the best fit of the 30 transferred loading to the V/I measurement data was determined as the length between terminal and V/I probes. The length used for calculation was 1.01 m, while it is 1.04 m measured by ruler. The deviation of measured amplitude and phase are made by:
where the Z VI | | and VI j are the amplitude and phase of impedance measured by V/I probes, Z L | | and L j are the amplitude and phase of impedance measured by VNA. The discrepancies are given as a function as the (Γ re , Γ im ) and are shown in the Smith chart in figure 3 . No data are obtained near Γ im ∼0.
Because for these loads, the signals at V probe or the I probe are too small to be measured correctly. For the measurement results of these 30 artificial loads, the amplitude measurement error is in range −30.9%-4.9%, and the phase measurement error is in range −4.2°-4.4°.
The coupling resistance can be calculated through equations (1)- (3), and then the absolute and relative discrepancies of coupling resistance can be obtained respectively by:
are the absolute and relative coupling resistance error. R VI and R L are the coupling resistance measured by V/I probes and VNA respectively. The results in figure 4 show that the absolute error is controlled in range −2.0-1.5 Ω. However, the relative error seems large, and even reaches more than 200% for some loads, and most of the large error occurs when the loads has small coupling resistance (R L <2 Ω).
The data are sorted according to the reflection coefficient of artificial loads and are listed in table 2. One can see that the measurement error of amplitude and phase appear small for artificial loads with large reflection coefficient. However, for these loads, small measurement error gives rise to large relative coupling resistance deviation. For loads that has small reflection coefficient, the amplitude and phase measurement error leads to gentle relative deviation of coupling resistance. It illustrates that for different antenna loads, the identical amplitude and phase measurement have distinct impacts on coupling resistance depending on the reflection coefficient of the loads. Figure 5 shows the coupling resistance measured by V/I probes versus by VNA, as well as the absolute deviation. The absolute deviations seem large for some small loads, this is mainly due to the phase measurement error. The phase measurement error leads to large deviation of coupling resistance calculation, while the amplitude measurement error has gentle impact on resistance [5] . The most principal issue for V/I measurement is the accurate phase measurement.
Some reasons may lead to the discrepancy between V/I measurement and the reference value measured by VNA: (1) the amplitude and phase measurement error of oscilloscope; (2) the uncertainty of transmission line length and power loss between V/I probes and artificial loads. For the latter item, compensation of length has been made to lessen the measurement error, while the power loss cannot be assessed. In high VSWR cases, the power loss is large that cannot be Table 2 . Deviation of impedance measurement with V/I probes and VNA.
Measurement error neglected, which can explain the large resistance calculation deviation for loads R L <1.5 Ω. For these loads, the impact of power loss leads to the positive deviation of resistance calculation. For loads R L >1.5 Ω, the impact of power loss is not obvious and the phase measurement errors are predominate to the deviation.
Measurement results from EAST experiment
The V/I probes are positioned on EAST and are on operation together with the voltage probes array to measure the antenna coupling resistance. Their data are compared and the discrepancies are analyzed. A typical ELMy H-mode discharge is achieved at applying ICRF heating at 31.5 MHz. The injection power of antenna strap 5 is given in figure 6 with its coupling resistance provided by the V/I probes and the voltage probes array. The phase detector is calibrated under L-mode discharge for reference and is used for H-mode cases. Table 3 shows the mean coupling resistance during 1. 
Conclusion
The technique based on voltage and current probes is performed on EAST to measure the antenna input impedance. Considering the complexity and uncertainty of long transmitting networks, the V/I probes should be close to the stub tuner to provide data for impedance matching, or should be close to the antenna feedthrough to monitor coupling. The size and radial position of V/I probes should be optimized, so that the coupling coefficient should be larger than −64 dB to match the measurement range of acquisition card. Various artificial loads are tested on the testing platform. The results show that for loads with large reflection coefficient, the small phase and amplitude error leads to large relative error in coupling resistance, while the absolute resistance error lies in range −2.0-1.5 Ω and appear larger for small loads due to the neglecting of power loss. The phase measurement error is the main factor to bad calculation precision of antenna coupling resistance rather than the amplitude measurement error. For EAST experiment, the phase detector can be calibrated under steady L-mode scenario and then use the calibrated data to the H-mode cases. Impedance measurement results obtained from voltage probes array are close to V/I measurement results under lower VSWR, which guide us to compare the results provided by the two techniques under low VSWR and complement the phase measurement results. 
